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Abstract

Ž .Channel evolution models CEM have been developed to qualitatively describe the morphological adjustments of
channels undergoing incision, but the grain size of the river bed material has not been addressed in existing evolution
models. Herein, bed material grain size is incorporated into an existing CEM to describe the sequence of grain size changes.
The analysis is based on the data from bed material that were available from a 1986 sampling program in northwestern
Mississippi. Samples were taken along three sand-and-gravel-bed channels at 300-m intervals. To provide a comparable data
set, sampling was repeated in 1996. Observed longitudinal grain size distributions were highly variable in space and time.
Overall downstream fining trends were absent. Bed texture in incising channels is as dynamic as channel morphology, with
composition shifting from a mixture dominated by sand to one dominated by gravel, or vice versa, within a decade or less.
The modified CEM predicted direction of changes in grain size in a meandering incising channel, but not within two

Žstraightened, incising channels, most likely due to the complex influence of upstream and lateral sediment sources bed and
. Ž . Ž .bank erosion . We suggest that over the temporal 10 years and spatial scales ;10 to 20 km of this study, sediment

sources are the dominant factor in the development of longitudinal grain size distributions. q 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Alluvial channels are dynamic in that they adjust
Ž .to changes in environmental conditions. Lane 1955
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described these changes in terms of a proportional
relation:

QSAQ D 1Ž .s s

where Qswater discharge, Sschannel slope, Q ss

sediment discharge, and D sa characteristic parti-s

cle size of the river bed material. Lane’s relation has
been commonly used for qualitative prediction of
morphologic response to disturbance in the fluvial

Žsystem Simons and Senturk, 1977; Nunnally, 1985;
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.Chang, 1988; Simon, 1994 . When stream conditions
are altered, either naturally or by human agency, in

Žsuch a way as to increase water discharge e.g.
. Ž .urbanization or slope e.g. channelization , Lane’s

relation predicts a proportionate increase in sediment

discharge through local entrainment or an increase of
Žriver bed material sediment size hereafter referred to

.as grain size in comparison to the previous state of
the channel. Increasing sediment discharge in this
way can lead to rapid changes in channel morphol-

Ž . Ž .Fig. 1. Conceptual CEM. Adapted from Simon 1994 and U.S. Army Corps of Engineers 1990 . Reaches are assigned in the upstream
direction.
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ogy including upstream degradation, downstream bed
aggradation and bank instabilities along the main

Ž .channel as well as adjacent tributaries Simon, 1994 .
These changes in morphology are the basis of

Ž .channel evolution models CEM . Schumm et al.
Ž .1984 , among others, showed that disturbed chan-
nels follow a predictable pattern of adjustments
through time which varies along the channel longitu-
dinal profile, and can be described by a series of five
process-oriented stages of development. These stages
of evolution can be developed by substitutions of
space for time involving the arrangement of channel
cross-sections in a sequence that reflects change
through time. In the case of channel incision induced
by base level lowering or downstream channeliza-
tion, conditions for disturbance are first reflected in
the lower reaches of a channel and then migrate
upstream. Schumm’s model was slightly revised by

Ž .Simon 1989, 1994 who developed a six-stage CEM
based on data from a region similar to our study area
and will be used herein for the description of evolv-
ing channels. The six stages of the Simon CEM are
illustrated schematically in Fig. 1. The advantage of
the CEM is its selection of relatively few key vari-

ables to represent many processes operating across a
broad spatial scale. Specifically, by observing

Žchannel width, depth, bank condition including veg-
.etation , and thalweg profile, one may classify a

channel network according to the CEM and, thus,
qualitatively predict the future course of channel
evolution.

Morphologic adjustments associated with channel
incision have been documented by numerous field

Ž .studies. For example, Galay 1983 reviews observa-
tions of channel incision including several cases of
upstream-progressing bed degradation and bank
widening following channelization. Harvey and Wat-

Ž .son 1986 document degradation and widening of a
Ž .channel caused by channelization leading to in-

creases in channel cross-sectional area by as much as
Ž .1000%. Yearke 1971 noted incision caused by the

elimination of a meander bend that lowered bed
elevation 4.5 m and increased channel width up to

Ž .four times. Simon 1989 correlated changes in sedi-
Ž .ment discharge Q with the six stages of the CEMs

for field sites in western Tennessee. Simon and Hupp
Ž .1992 classified the six stages of the CEM with
regard to bed and bank adjustments as well as in-

Table 1
Changes in bed material grain size in incised and unstable channels

Reference Study area Channel Observations of grain size changes
description

Simon and Washington, sandrgravel-bed; As channel adjusted geometry following debris
Ž .Thorne 1996 flank of unstable avalanche, grain size and percent gravel present increased.

volcano
Ž .Jacobson 1995 Southeastern sandrgravel-bed; More coarse sediment and lack of fine sediment

Missouri incising observed in locally aggrading reaches.
Ž .Simon 1989 Western sand-bed; Channel adjustment and recovery entailed transfer

Tennessee incising of coarse materials from upstream.
Ž .Willis 1988 Northwestern sandrgravel-bed; Bed fining was associated with excess upstream

Mississippi incising sediment supply and bed coarsening with low upstream
sediment supply.

Simon et al. Western Iowa silt-bed; incising Channel evolution and recovery was less advanced
Ž .1996 than in Mississippi or western Tennessee

because of lack of sources of sand.
Ž .Kuhnle 1996 Northwestern sandrgravel-bed; Changes in grain size were a function of location,

Mississippi incising supply of gravel, and selective transport.
Bennett et al. Northwestern sandrgravel-bed; Changes in grain size occurred seasonally, with
Ž .1998 Mississippi incising sediments becoming coarser during periods of

degradation associated with higher flows and finer
during low flow season when net aggradation occurred.
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channel vegetation. Additional case studies of the
Žeffects of incision are available for Missouri Emer-

. Ž .son, 1971 , Iowa Lohnes, 1997; Daniels, 1960 ,
Ž .Oklahoma Barclay, 1980; Schoof et al., 1986 , Mis-

Žsissippi Whitten and Patrick, 1981; Kesel and Yo-
. Ž .dis, 1992 , Indiana Barnard, 1977 , and the Midwest

Ž .Simon et al., 1996 in the USA, as well as Alberta,
Ž .Canada Parker and Andres, 1976 , and central Italy

Ž .Rinaldi and Simon, 1998 .
Existing models of incised channel evolution ig-

nore the role of grain size in channel adjustment.
Limited field observations are available in the litera-
ture, and these are encapsulated in Table 1. Changes

Ž .in grain size are important because: 1 grain size
represents another degree of freedom in channel

Ž .response to perturbations Hoey and Ferguson, 1997 ;
Ž .2 grain size has major implications for biological

Žcommunities Shields and Milhous, 1992; Wang et
. Ž .al., 1997 ; 3 grain size affects retention of pollu-

Žtants within river channels Novotny and Chesters,
. Ž .1981; Langedal, 1997 ; and 4 equilibrium channel

Žgeometry Bray, 1982; Hey and Thorne, 1986; Julien
.and Wargadalam, 1995 and sediment transport ca-

pacity are sensitive to grain size.
The intent of this study was to quantify spatial

and temporal grain size changes in incising channels
and place these changes within the framework of a
modified CEM. The modified CEM is intended to
allow qualitative predictions of grain size changes
relative to existing conditions. This study also docu-
ments temporal changes in grain size, a topic that has

Žreceived little attention Bluck, 1987; Simon and
.Thorne, 1996 . Bed material samples were collected

from three incising channels in northwestern Missis-
sippi in 1986 and 1996.

2. Modified CEM

Many processes affect temporal and spatial grain
size distributions on river beds. Selective transport of
finer particles and, to a lesser extent, abrasion are

Ževidenced by downstream fining Sternberg, 1875;
Parker, 1991a,b; Kodama, 1992; Werritty, 1992;

.Hoey and Ferguson, 1994, 1997; Seal et al., 1997 .
Recent studies have shown that material recruited
from channel banks can overshadow downstream

Ž .fining Pizzuto, 1995, 1997; Rice and Church, 1996 .
Contributions of bank sediment can be especially
important in incising channels. Indeed, Grissinger

Ž .and Murphey 1986 estimated that for Goodwin
Creek, an incising channel in northwestern Missis-
sippi, sediment derived from failing stream banks
accounted for about 80% of watershed sediment
yield. Insight into the influence of bank material on
longitudinal grain size distributions may be gained
using the CEM, Lane’s relation, and observations

Ž .made in previous studies Table 1 . In this incorpora-
tion of grain size into the CEM, the sedimentary
conditions, Q and D , are not separated and the twos s

variables are treated as responding in tandem. Hence,
response predictions are qualitative. However, where
either D or Q can be constrained, prediction ofs s

Žmorphologic response can be more certain e.g.
.Darby and Thorne, 1996 , whereas models allowing

mutual adjustment of Q and D are currently in thes s
Ž .development stage Langendoen et al., in press and

therefore do not eliminate the need for qualitative
conceptual models.

In Table 2, we have attempted to add bed texture
to the CEM using Lane’s relation. Because the CEM
is applied on the reach scale, and channel incision
migrates upstream, an increase in channel slope is
followed by and associated with bed degradation and
decrease in slope with bed aggradation. The bed
texture responses indicated in Table 2 assume a
supply of coarse material, in this case gravel, either
fluvially or from bed and bank erosion. When sedi-
ment sources are limited to sands, bed texture changes

Ž .are negligible or non-existent Doyle, 1997 and
variations within the sand-size range have little im-

Žpact on channel morphology Darby and Thorne,
.1996 . If the channel banks contain coarse material,

then degrading Stage III and IV reaches will become
coarser. Degradation implies a deficit of upstream
sediment, and coarse material in the bed or banks
will be recruited through bed degradation and bank
collapse. While Stage V reaches also recruit material
from channel banks, bed aggradation in this stage
implies that the upstream supply of sediment is
relatively high, and thus grain size should decrease
relative to Stage IV. Finally, Stage VI aggrading

Žbeds will continue to fine excess upstream supply of
.sediment and bank erosion will decelerate. The

development of inset, low berms in Stage VI will
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Table 2
CEM modified to include changes in grain size. Changes in Q, S, Q and D in Lane’s relation are relative to previous stage of channels s

Ž .evolution. Changes in Q as described by Simon 1989s

Stage Stage Lane’s relation Status and processes
description

I Premodifiedr QSAQ D Unaltered meandering channel with local erosion on outside bends,s s

Stable banks are densely vegetated to the flow line
a Žq . Žq .II Constructed Q S AQ D Channel re-shaped with a trapezoidal cross-section, vegetation removeds s

Žq . Žq . Žq . Žq .III Degradation Q S ™ Q D Channel degradation in response to steepened gradient or increased discharge.s s

Upstream progressing nickpoints form, bank heights increase, and bank slopes
steepen because of stream downcutting

Žq. Žq . Žq .IV Degradation and Q S ™ Q D Continued degradation and major widening as banks exceed critical height.s s

Widening Banks are shaped by mass wasting, leading to tilted and fallen vegetation
on banks and in channel

Žy. Žy . Žy . Žy .V Aggradation and Q S ™Q D Beginning of bed aggradation and development of meandering thalweg.s s

Widening Continued bank widening. Woody vegetation begins to re-establish on lower bank
Žy. Žy . Žy . Žy .VI Quasi- Q S ™Q D Significant reduction of bank heights by channel bed aggradation and bys s

equilibrium fluvial deposition on the upper bank and slough line. Bank erosion subsides
and woody vegetation extends upslope to the former floodplain.

a Ž .This stage is absent if adjustment is due to developments other than channel modification e.g. urbanization or meander cut-off .

buffer the influence of the relatively small amount of
material still emanating from eroding channel banks.

Selective transport of finer sediments may also
influence bed texture. Coarse materials derived from
bed and bank erosion may be less mobile under the

Ž .imposed hydraulic stresses. Stream power QS lev-
els are generally higher in Stages III and IV relative

Ž .to Stage I Simon, 1994 since slope is increased and
the enlargement of the channel through erosion in-
creases within-bank discharge. Higher levels of
stream power create the opportunity for selective
transport of finer materials, further promoting bed
coarsening in Stages III and IV. Bed aggradation in
Stages V and VI reduces reach slope and the fre-
quency of critical shear stresses for coarser materials.
However, since incising channels do not display
equilibrium between sediment size and competence,
selective transport may not occur. For example,

Ž .Kuhnle and Willis 1992 found that the size distri-
bution of bed load and bed material were virtually
identical for a Stage IV incising channel tributary to
one of our study reaches, implying equal mobility of
all sediment sizes. Evidently, imposed stresses were
competent to transport all material supplied to the
channel. Further, frequent mobility of the coarsest
grain sizes on bimodal beds increases dramatically
when the fraction of sand within the bed sediment

Ž .reaches and exceeds about 20% Wilcock, 1998 .
Typically, sand content in the beds of channels in
our study area was well above 20%.

In addition, delivery of sediments by tributaries
has been shown to disrupt downstream fining pat-

Žterns Knighton, 1980; Ichim and Radoane, 1990;
.Pizzuto, 1995; Rice and Church, 1996 . Tributary

contributions can also change dramatically in time
Ž .Rice and Church 1996 , particularly as main chan-
nels evolve through stages III and IV and lower base
levels for tributaries. However, existing CEMs were
developed based on observations of channels receiv-
ing tributary sediment contributions from tributaries
typically in phase with upstream reaches of the main
channel. Thus changes in tributary contributions in
response to main channel incision should be viewed
as systematic effects of incised channel evolution,
and not as site-specific anomalies.

3. Study area

Ž .Watersheds containing the study sites Fig. 2 are
located in the east Gulf Coastal Plain Physiographic
Province bordering the eastern bluffline of the Mis-

Ž .sissippi River Valley Fenneman, 1938 . Soils, to-
pography, and land use were typical of many streams
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Fig. 2. Location and reach delineation of study channels.
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along the eastern side of the lower Mississippi River
floodplain. Ridges are capped with loess deposits,
and valleys are filled with up to 3 m of alluvium
derived from post-European settlement erosion over-
lying a complex of six or more erodible stratigraphic
units which constitute three Holocene-age deposi-

Ž .tional sequences Grissinger et al., 1982 . A late
ŽHolocene meander-belt alluvium unconsolidated

.sandy silt typically overlies early Holocene massive
silt. A relatively coarse-textured noncohesive chan-
nel-fill mid-Holocene unit is less abundant. The early
Holocene sequence also includes gravel-bearing
channel lag, bog-type, and grey-silt units that under-
lie the massive silt.

ŽWith little geologic control no bedrock and infre-
.quent erosion-resistant outcrops , channels experi-

ence unrestricted adjustment following disturbances.
The area has been subjected to a series of distur-

Ž .bances since about 1830 Watson et al., 1997 . The
Ždisturbances deforestation, cultivation, erosion of

.hillsides and valley sedimentation were followed by
periodic straightening and dredging of the channels
between 1840 and 1930. When streams were
straightened, they were repositioned in the valleys
and, thus, present channel bed and bank materials are
not necessarily former fluvial deposits and are highly
variable. A series of intensive studies of three of the

Žstraightened channels two of which contain our
Ž . Ž . Žstudy sites Johnson JC and Long Creeks LC see

. .Fig. 2 described below documented the response of
Ž .riparian vegetation Grissinger and Bowie, 1984 ,

Žchannel width-to-depth ratios Grissinger and Mur-
. Žphey, 1983 , and channel planform Grissinger and

.Murphey, 1984 to the highly variable streambank
lithology.

Initial channelization was for the most part inef-
fective because channelized streams quickly filled
with sediment and continued to flood. Because of
this continued flooding, a second round of channel-
ization occurred between 1930 and 1960, increasing
the sediment transport capacity of the channels by as

Žmuch as 50 times U.S. Army Corps of Engineers,
.1993; Shields et al., 1995 . The increase in transport

capacity and the lack of geologic control resulted in
Ž .severe channel incision as much as 5 m which

progressed through the main channels and into the
tributaries, destabilizing the beds and banks of entire

Žwatersheds Whitten and Patrick, 1981; Grissinger et
.al., 1982, Simon and Darby, 1997 .

Three incised channels in northwest Mississippi
Ž .were selected for field study: Harland HC , JC, and

Ž .LC Fig. 2; Table 3 . These channels were ideal for
this study for several reasons. Foremost, extensive
bed material sampling was performed during 1986 in
all three channels, facilitating temporal comparisons.
Second, all three channels were incising, as evi-
denced by channel widening and other characteristics

Ž .mentioned earlier Fig. 1; Table 2 . Also, JC and HC
had large, numerous gravel deposits present in chan-

Ž .nel beds and banks Fig. 3 , whereas gravel deposits
on LC were not as frequent. Whereas all three
channels are incised, JC and LC have been channel-
ized while HC remains unstraightened, reworking its
fluvial deposits. Also, grade control structures were
constructed on JC in 1979 and on LC in 1986 to
prevent future bed degradation that might result from

Table 3
Study site descriptions

Channel Drainage Q Q Slope Sinuosity Valley No. of grade Length2 s
y2ŽArea at mouth t km slope control sampled

2 3 y1 y1Ž . Ž . . Ž .km m s year structures km
a

) b a aHC 161 133.1 1673 0.0011 2.1 0.0023 0 22.5
c c cJC 54 152.9 – 0.0023 1.2 0.0028 3 12.8
c b c cLC 205 481.4 1464 0.0018 1.1 0.0020 3 16.1

)Q .2.33
a Ž .Northwest Hydraulic Consultants 1987 .
b Ž .Rebich 1993 .
c Ž .Northwest Hydraulic Consultants 1989 .
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Ž . Ž .Fig. 3. Photographs showing a gravel deposits in banks along JC, and b mass wasting of channel banks along HC.

Žthe upstream advancement of nickpoints Schumm et
.al., 1984 . Some of these structures also enhance

bank stability by creating backwater conditions that
induce rapid deposition for a few hundred meters

Ž .upstream Biedenharn et al., 1990 . To summarize,
LC and JC are heavily affected by engineering at-
tempts to control the evolution of channel incision
Ž .straightening and grade controls , which is in con-

trast to the effects of more natural development
along HC.

4. Methods

During the summer and fall of 1986, samples of
bed material were collected from the three study
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channels by personnel from the USDA National
Sedimentation Laboratory, Oxford, MS. Individual

Ž .samples hereafter referred to as unit samples were
taken from the stream channel at 300-m intervals.
The unit samples, bulk samples of the top 10 cm of

Ž .the bed weighing approximately 4 kg , were taken
from the deepest point in the channel cross-section.

ŽEach unit sample was sieved at 0.5f intervals where
.fsylog D, D is grain size in mm from 91 to 4.82

mm; a split of the material finer than 4.8 mm was
then sieved at 0.5f intervals down to 0.063 mm.

A primary objective of this study was to develop
a 1996 database for comparison with the 1986 data.
The need to obtain data comparable to those gener-
ated by the 1986 sampling and logistical issues acted
as major constraints on sampling protocol. Every
effort was made to replicate the 1986 sampling
protocol in order to facilitate direct comparison of
1986 and 1996 results. Similar replication of sam-
pling techniques was practiced by Nordin and Queene
Ž .1992 when collecting a Mississippi River bed ma-
terial data set in 1989 for comparison to data col-
lected in 1932. During the 1996 field program, initial
sampling was conducted with personnel who sam-
pled during 1986 to assure identical methods. The
1996 samples were located to coincide with those
sampled in 1986 by measuring the distances along
the channels using hip chains and tapes and by
referring to annotated 1:24,000 maps prepared during
the 1986 campaign. Field notes recorded the size of
material contributed by tributaries relative to the
main channel.

Each channel was divided into reaches for further
study. Detailed descriptions and photographs of the
channels taken in 1986 were used in conjunction
with field notes to assign stages of channel evolution

Ž .based on the sequence presented by Simon 1994
Ž .Fig. 1 . Each channel was divided into reaches
based on the 1986 CEM stage delineations and these
reaches are shown on Fig. 2. Each reach was reclas-
sified in 1996 during collection of bed material
samples. It should be noted that the number of cross
sections within each reach was variable.

Minimum sample size for accurate determination
of grain size percentiles has been established by

Ž .Church et al. 1987 based on the size of the largest
stone present. More recently, Ferguson and Paola
Ž .1997 determined minimum sample size based on

three factors: average grain size, standard deviation
of the grain size distribution, and the percentile of
interest. These factors are incorporated through the
following equation to define a sample size, V , forg

Ž .‘good’ precision 10% standard error in D :50

log V rV s3.0q4.2log s q0.9s z 2Ž . Ž .Ž .10 g 50 10 p

where V svolume of mineral sample size neededg

for ‘good’ precision, V svolume of the grain for50

which 50% of the material is finer, ssstandard
deviation of the grain size distribution, and z spthp

percentile point of the unit normal distribution.
Ž .A pilot study Ferguson and Paola, 1997 was
Žperformed on JC considered representative of the

.three channels to obtain estimates of V and s for50
Ž .application of Eq. 2 . In a typical reach of JC, 22

unit samples were collected from a 31 m2 area
Ž .Doyle, 1997 . Results indicated that the minimum
sample size needed for determination of D with a50

10% standard error was 7.2 kg. Thus, during the
1996 field program, we used sampling protocol iden-
tical to that used in 1986; but when analyzing data

Žfrom both 1986 and 1996, sieve results mass re-
.tained on each sieve from two adjacent unit samples

were composited to meet the minimum sample size
criteria. Hereafter, these composited samples are re-
ferred to as representative samples.

Data were characterized by computing D , me-50

dian sizes of material coarser and finer than 2 mm
Ž .i.e., D and D , and percent gravel for50 gravel 50 sand

each representative sample. Mean values of for each
of these four statistics were computed for each chan-
nel and date, and differences between 1986 and 1996
were examined using t-tests. Relationships between

ŽD and the other three variables D , D ,50 50 gravel 50 sand
.and percent gravel were examined using correlation

and regression. As described below, results indicated
that D was the best choice for a statistic to de-50

scribe the grain size distributions, and thus was used
for subsequent analyses.

D values were plotted against distance upstream50

of the channel mouth, yielding profiles of grain size
for each channel and date. Observed trends of down-
stream fining were tested for significance using the

Ž .runs test Blalock, 1979 as suggested by Rice and
Ž .Church 1996 . Reaches with abundant coarse mate-

rial, and those with pronounced fining or coarsening
trends were identified and the locations relative to
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tributary mouths, structures, and gravel-bearing strata
were noted.

Mean values of D were also calculated for 198650

and 1996 for each of the reaches delineated using the
CEM classifications. Spatial changes across the
reaches based on CEM classifications were evaluated
in light of predictions based on the modified CEM,
but no attempt was made to isolate systematic effects
of channel evolution from those that were contingent
upon site-specific factors.

Temporal changes in bed texture were identified,
and an effort was made to discriminate between
systematic and contingent effects by limiting tempo-
ral comparisons to statistics for samples representing
identical points in space. For example, unit samples
were collected from the same six points in reach
HC1 in 1986 and 1996. Thus, the variances of D50

values from this reach for 1986 and 1996 were
compared using an F-test, and means were com-
pared using a t-test.

Since the 1986 and 1996 sample locations were
identical, contingent effects associated with tributary
locations would be the same for both dates. As noted
above, we viewed changes in tributary load because
of channel evolution as systematic rather than con-
tingent effects. The recruitment of bed material from

eroding channel boundaries and upstream reaches
Ž .including tributaries and the size of imported mate-
rials are primarily governed by morphologic pro-

Žcesses associated with channel incision bed degrada-
.tion or aggradation and channel widening . These

processes should vary systematically with time and
space, and thus lend themselves to prediction and
conceptual modeling. Contingent effects associated
with grade control structures would be the same for
1986 and 1996 for the JC structures because they
pre-dated 1986 sampling. LC structures were placed
between the sample dates, and profiles of grain size
were examined for the impact. No structures were
constructed on HC.

5. Results

Bed material samples were composed of sand and
gravel, with D -45 mm in all three channels.max

The channels were competent to transport all sedi-
ment sizes. Using reach-average channel slopes, typ-
ical roughness coefficients, and an assumed dimen-
sionless shear stress of 0.047, the sizes of sediment

Žmobilized by the 2-year discharge which is less than
.bankfull were calculated to be 50, 96, and 116 mm

Table 4
aŽ .Channel Mean D mm % Change Change significant?50

1986 1996

( )a Temporal changes in mean bed material grain size of three incising channels in northwestern Mississippi
Ž .HC 5.3 3.0 y44% Yes p-0.01
Ž .JC 2.5 2.5 0% No ps0.98
Ž .LC 0.61 0.80 32% No ps0.14

( )b Temporal changes in mean percent graÕel in the bed material of three incising channels in northwestern Mississippi
Ž .HC 57 46 y20% Yes ps0.04
Ž .JC 46 35 y24% No ps0.10
Ž .LC 22 24 9% No ps0.61

( )c Temporal changes in the mean D of the graÕel fraction of the bed material of three incising channels in northwestern Mississippi50
Ž .HC 11.0 10.8 y2% No ps0.83
Ž .JC 12.6 10.1 y20% No ps0.08
Ž .LC 9.9 10.4 5% No ps0.75

( )d Temporal changes in the mean D of the sand fraction of the bed material of three incising channels in northwestern Mississippi50
Ž .HC 0.47 0.48 2% No ps0.67
Ž .JC 0.51 0.50 y2% No ps0.62
Ž .LC 0.42 0.51 21% Yes p-0.01

aSignificance based on two-tailed t-test.
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for HC, JC and LC, respectively. Samples containing
both sand and gravel were bimodal, with modes at

Ž;11 and 0.5 mm, and the percent sand material
.less than 2 mm within samples varied from 17% to

100%, with 124 of the 129 representative samples
having a sand content greater than 20%.

Bed textures were somewhat dynamic in time,
Ž .especially within HC Table 4 . Changes in bed

Fig. 4. Median grain size of bed material versus percent gravel in bed material for sites HC, JC, and LC. Regression lines are fit to all data
Ž .1986 and 1996 .
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Fig. 5. Longitudinal profiles of D values for study channels in 1986 and 1996. Reaches and kilometers are assigned in the upstream50

direction.
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Table 5
Spatial variation of mean D values for CEM reaches. Calculated differences are in respect to change from upstream to downstream50

aŽ .Year Adjacent reaches CEM stages Mean D mm Difference in Significant differences Predicted differences50
Ž .D mm based on CEM stages50Upstream Downstream Upstream Downstream Upstream Downstream

Ž .1986 HC2 HC1 V VI 3.2 1.4 y1.8 None ps0.15 HC2)HC1
bŽ .HC3 HC2 IV V 8.5 3.2 y5.3 HC3)HC2 p-0.01 HC3)HC2
bŽ .HC4 HC3 III IV 4.6 8.5 3.9 HC4-HC3 ps0.02 HC4-HC3
bŽ .HC5 HC4 I III 1.3 4.6 3.3 HC5-HC4 ps0.04 HC5-HC4

Ž .JC2 JC1 III IV 2.6 2.5 y0.1 None ps0.47 JC2- JC1
bŽ .LC2 LC1 V V 0.66 0.63 y0.03 None ps0.42 None

Ž .LC3 LC2 IV V 0.50 0.66 0.16 None ps0.13 LC3)LC2
Ž .LC4 LC3 III IV 0.72 0.50 y0.22 None ps0.27 LC4-LC3

Ž .1996 HC2 HC1 VI VI 2.8 0.68 y2.1 HC2)HC1 ps0.01 None
Ž .HC3 HC2 V VI 3.0 2.8 y0.2 None ps0.39 HC3)HC2
Ž .HC4 HC3 IV V 5.3 3.0 y2.3 None ps0.09 HC4)HC3

bŽ .HC5 HC4 III IV 1.7 5.3 3.6 HC5-HC4 ps0.02 HC5-HC4
Ž .JC2 JC1 IV V 1.1 3.8 2.7 JC2- JC1 ps0.03 JC2) JC1
Ž .LC2 LC1 V VI 0.60 0.87 0.27 LC2-LC1 ps0.02 LC2)LC1

Ž .LC3 LC2 IV V 1.0 0.60 y0.4 None ps0.10 LC3)LC2
bŽ .LC4 LC3 IV IV 0.49 1.0 0.51 None ps0.06 None

aSignificance tested using F-test for variance and one-tailed T-test for mean.
b Indicates that observed direction of change was consistent with that predicted using CEM Stages.
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texture were apparently due to a shift in the composi-
tion of the sediment mixture from sand to gravel, and

Žnot recruitment or retention of coarser particles Ta-
.ble 4 . For each channel, variation in the median size

of the sand and gravel modes of the sediments
explained less than 24% of the variation in overall
D , but exponential functions of percent gravel50

explained 91%, 87%, and 69% of the variation in
overall D for channels HC, JC, and LC, respec-50

Ž .tively Fig. 4 .
Examination of longitudinal profiles of median

Ž .grain size Fig. 5 shows that all three channels
exhibited temporal and spatial variation. Profiles of
grain size do not indicate downstream fining with the
exception of the overall fining trend in reach HC3
Ž .Fig. 5 . This trend was not statistically significant,

Ž .however, based on a runs test Blalock, 1979 . For
the most part, longitudinal trends in grain size were

Ž .not consistent in time Fig. 5 . For example, reach
HC3 exhibited downstream fining in 1986 but was
oscillatory in 1996. Although field notes indicated
that tributaries were carrying loads coarser than the
main channel, with few exceptions tributaries had no
impact on the longitudinal grain size distributions
Ž .Fig. 5 . Similarly, although grade control structures
on LC and JC created backwater pools upstream and
riffles downstream, they had no evident impact on
bed texture.

The sampled reaches represented a range of evo-
Ž .lutionary stages and sequences Table 5 . Spatial

variation of grain size was consistent with the modi-
Ž .fied CEM in 6 of 16 cases Table 5 . The 16 cases

presented in Table 5 each have three possible out-
comes, and the probability that a single prediction
matches the corresponding observation by chance
alone is 1r3q0.05s0.383. Assuming that the 16
outcomes in Table 5 are independent, the probability
of six or more correct predictions by chance alone is

Ž0.620 binomial theorem, ns16, rs6, Nelville and
.Dennedy, 1964 . When the same logic is applied to

the subset consisting of the eight HC reaches, the
probability of the model predicting at least four of

Žeight correctly as was done using the modified
.CEM by chance alone is 0.367.

All three channels exhibited temporal evidence of
evolution toward higher stages during the period of

Ž .observation Table 5 . HC represented the most com-
plete sequence, ranging from Stages I to VI in 1986
Ž .Stage II not present as HC was not channelized and
from III to VI in 1996. The other two study channels
only represented portions of the complete sequence

Ž .within any year when samples were taken Table 5 .
Only 4 of 11 reaches exhibited temporal changes

in bed material size consistent with the modified
Ž .CEM Table 6 , of which three were the prediction

of no change. If we assume that the behavior of
adjacent reaches is independent, the model could be
expected to do at least this well by chance alone with

Ža probability of 0.663 binomial theorem, Nelville
.and Dennedy, 1964 .

Table 6
Temporal variation of mean D values for CEM reaches50

Ž .Reach D mm Change in CEM Stage Significant changes Predicted change50
aŽ .D mm in D based on CEM50 501986 1996 1986 1996

bŽ .HC1 1.4 0.68 y0.7 VI VI None ps0.23 None
Ž .HC2 3.2 2.8 y0.4 V VI None ps0.38 Decrease

bŽ .HC3 8.5 3.0 y5.5 IV V Decrease p-0.01 Decrease
Ž .HC4 4.6 5.3 0.7 III IV None ps0.35 Increase
Ž .HC5 1.3 0.51 y0.8 I III None ps0.28 Increase
Ž .JC1 2.5 3.8 1.3 IV V None ps0.20 Decrease
Ž .JC2 2.6 1.3 y1.3 III IV None ps0.12 Increase

Ž .LC1 0.63 0.87 0.24 V VI Increase ps0.03 Decrease
bŽ .LC2 0.66 0.60 y0.06 V V None ps0.34 None
bŽ .LC3 0.50 1.0 0.5 IV IV None ps0.06 None

Ž .LC4 0.72 0.50 y0.22 III IV None ps0.27 Increase

aSignificance tested using F-test for variance and one-tailed t-test for mean.
b Indicates that observed direction of change was consistent with that predicted using CEM Stages.
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Clearly, the modified CEM did not provide reli-
able predictions concerning spatial or temporal bed
material variations. However, when the changes ob-
served for HC are examined without regard to the
confidence levels for D differences, the model50

predicted the correct direction for all seven of the
Ž .observed HC spatial changes Table 5 and three of

Ž .four temporal changes Table 6 .

6. Discussion

Studies of incised and disturbed channels have
shown that the initial stages of channel recovery
begin with the transfer of coarse sediment from
upstream reaches to highly disturbed downstream
reaches. This phenomenon has been observed in both

Ž .spatial distribution patters Simon, 1989 and in
Žchanges of grain size through time Simon and

.Thorne, 1996 . If coarse material is not available,
then changes in sediment discharge will be more

Ždrastic and persist for longer periods of time Simon
.et al., 1996 .

We attempted to develop and modify the concep-
tual model of incised channel evolution to include
qualitative predictions of bed texture changes, and
we tested this modified model using data collected
over a 10-year period from three channels undergo-
ing classical geomorphic evolution. Beds of these
channels were composed of a bimodal mixture of
sand and gravel so that the median grain size of the
mixture was not well represented. However, the
median sizes of the sands and gravels in these chan-
nels were relatively invariant, and D of the mix-50

ture was closely associated with the ratio of sand to
Ž .gravel Fig. 4 . Evidently, changes in bed texture

occurred primarily via changes in this ratio rather
than through changes in particle sizes. Thus bed
response to channel evolution was limited by the
lack of coarse gravel supply. In addition, the largest
particles we observed were frequently mobilized,
thus limiting the magnitude of bed texture response
via selective transport.

Because of the presence of coarse material in the
bed and banks of JC and HC, and to a lesser degree

Ž .LC Fig. 3 , we expected grain size to initially
coarsen in response to channel incision. Only one
sample reach represented pre-incision conditions: the

Ž .most upstream reach of HC HC5 during 1986. This
reach evolved from Stage I in 1986 to Stage III in
1996, but the attendant temporal change in grain size
was insignificant. However, in 1986 the sediment

Ž .within this reach mean D s1.3 mm was signifi-50
Ž .cantly finer p-0.01, two-tailed t-test than the

Žmaterial in all of the downstream reaches mean
.D s5.7 mm . The HC5 reach was located in the50

Ž .most upstream portion of the watershed Fig. 2
where classical downstream fining schemes predict
the coarsest bed. This case, the overall spatial distri-

Ž .bution of mean grain sizes Fig. 5 , and the compe-
tence of the channels in relation to available sedi-
ment size, indicate that downstream fining is not a
dominant process in these channels. Hence, alterna-
tive explanations for spatial and temporal distribu-
tions, such as the ones proposed using the CEM,
merit examination.

Predictions of temporal changes in grain size
along a channel are difficult, as evidenced by the
inconsistency of the observations of others in incised

Ž .and disturbed channels Table 1 . Lane’s relation and
Žsome field studies Willis, 1988; Bennett et al.,

.1998 suggest that beds will fine as a consequence of
aggradation. However, other studies of incised and

Ždisturbed channels Simon, 1989; Simon and Thorne,
.1996 do not associate fining with aggradational

Ž .response. Further, Jacobson 1995 noted that ag-
grading reaches of disturbed channels in southeastern
Missouri coarsened in comparison with previous
conditions. These conflicting findings suggest that
general prediction of temporal changes in grain size
in evolving channels will be difficult as different
factors determine the outcome in different cases. For
example, our modified CEM was accurate in only 4

Ž .of 11 cases of temporal prediction Table 6 , and
three of these four were predictions of no change.

Modified CEM predictions for HC bed material
were superior to predictions for the other two study
streams, LC and JC. Because HC was never channel-
ized and repositioned within its valley as the other
two channels were, bed and bank sediment size may
have been less variable as HC flowed down previous
fluvial deposits allowing recruitment consistent with
fluvial evolution. Selective transport of sediment
contributions from eroding sources could also play a
role in grain size variations. However, using conser-
vative assumptions regarding critical shear stress, we
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found all three of our study channels were more than
competent to mobilize the largest bed material at
flows less than bankfull. The relatively high sand
content of the bed sediments implies that critical

Žshear stresses were lower than we assumed Wilcock,
.1998 , implying a relatively high frequency of bed

mobilization. Indeed, along Goodwin Creek, an in-
cising tributary to one of our channels, Kuhnle et al.
Ž .1989 showed that the coarsest bed sediment was
mobilized, on average, 12.1 times per year. Clearly,
the effect of differential mobility in these and similar
incising channels is minimal. Channels with less
sand should behave differently.

The effects contingent upon tributary and struc-
ture locations and the variation in sediment sources
complicated the use of the modified CEM in the
cases other than HC. The development of the modi-
fied CEM assumed that coarse material is stored in
the bed and banks of the channels, or is available
fluvially from upstream. The size of bank material,
however, was highly variable along JC and LC
because some eroding banks exposed gravel and

Ž .others only finer materials Fig. 3 . Thus, the size
and quantity of stored material, along with the loca-
tion of sources within the watershed, play major
roles in the development of longitudinal grain size

Ž .distribution Rice and Church, 1996 . These factors
are coupled with variables governing channel migra-
tion into sediment sources. CEMs allow prediction of
sediment source locations, but whether these sources
will yield coarse or fine material, and when they will
be activated by channel erosion is a region-specific
problem that must be solved through investigations
of stratigraphic variability and the evolution of chan-
nel profile and planform.

7. Summary and conclusions

Conceptual models of incised channels link flu-
vial processes and forms in a framework that allows
explanation of spatial and temporal trends. Existing
CEMs do not include grain size, and existing grain
size models are not appropriate for incised channels
because of their exclusion of the sediment sources
most important in incising systems. Existing CEMs
offer a framework in which to predict relative changes
in grain size. Assuming that a consistent supply of

coarse material is available in channel banks, bed, or
fluvially from upstream, we suggest that bed material
will coarsen in Stages III–V in comparison to the

Ž .undisturbed state of the channel Stage I , with the
coarsest material occurring in Stage IV. Grain size in
Stage IV, and to a lesser degree Stage V, is domi-
nated by sediment supplied from bank failure. In this
study area, banks contained extensive gravel de-
posits. It was also suggested that bed material will
fine in Stages V and VI through continued bed
aggradation and bank stabilization. The results of
this study, however, did not support late-stage fining.

Grain size in incising channels can be just as
dynamic as channel widths, depths, and slopes, with
bed composition shifting from a mixture dominated
by sand to one dominated by gravel, or vice versa, in
a decade or less. This shift can be local or extend
over reaches as long as 4 km. Changes in grain size
are difficult to predict, and the use of a CEM pro-
vided limited results. Of the three study channels, the
predicted directions of changes in grain size were
consistent with those predicted using the qualitative
model in only one of the channels. The successful
case was an incising, meandering channel, which
was in contrast to the other incising straightened
channels used in the study. Longitudinal grain size
distributions were governed by the size and quantity
of material derived from lateral sediment sources
Ž .e.g. eroding banks , and the location of these sources
within the watersheds. The influence of these sources
has only recently received attention in grain size
models, and deserves further attention in unstable
watersheds.
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